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Chapter 4

Enriching Software Architecture
Documentation

“Either write something worth reading or do something worth writing.”

- Benjamin Franklin

This chapter is based on: Anton Jansen, Paris Avgeriou, and Jan Salvador van
der Ven. “Enriching Software Architecture Documentation”. In: Journal of Systems
and Software 82.8 (Aug. 2009), pp. 1232–1248.

Abstract

The effective documentation of Architectural Knowledge (AK) is one of the key factors in
leveraging the paradigm shift toward sharing and reusing AK. However, current docu-
mentation approaches have severe shortcomings in capturing the knowledge of large and
complex systems and subsequently facilitating its usage. In this chapter, we propose to
tackle this problem through the enrichment of traditional architectural documentation with
formal AK. We have developed an approach consisting of a method and an accompanying
tool suite to support this enrichment. We evaluate our approach through a quasi-controlled
experiment with the architecture of a real, large, and complex system. We provide empir-
ical evidence that our approach helps to partially solve the problem and indicate further
directions in managing documented AK.

4.1 Introduction

The knowledge about a software architecture and its environment is called Archi-
tectural Knowledge (AK) [119] and has resulted in a paradigm shift in the software
architecture community [8, 9, 121]. The most important type of AK are architec-
tural (design) decisions, which shape a software architecture [100]. Other types
of AK include concepts from architectural design (e.g. components, connectors)
[172], requirements engineering (e.g. risks, requirements), people (e.g. stakehold-
ers and roles), and the development process (e.g. activities) [23].

There is a growing awareness both in industry and academia that effectively
sharing AK, both inside the developing organization and with external actors, is
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one of the key factors for project success [8, 9, 121]. Organizations are already ex-
ploring this new paradigm by conducting research on the benefits of knowledge-
based architecting [122]. The aim of this research is to bring enough evidence to
convince the relevant stakeholders to embrace this new way of working by pro-
ducing and consuming documented AK. In specific, stakeholders need to spend
significant effort in documenting the AK, and therefore must be convinced that
they will get a good return on their investment. On the other hand, when consum-
ing AK, stakeholders need to trust the credibility of the documented knowledge
(e.g. maintainers should have confidence in how up-to-date the AK is).

Documenting AK is not new, but has been common practice in the software
architecture community over the last years [42]. In both heavyweight processes
(e.g. the Rational Unified Process [117]) and agile processes (e.g. XP, SCRUM [17,
160]), knowledge is documented to facilitate communication between stakehold-
ers. The essential difference between the former and the latter is that heavyweight
processes determine large documents up front, while agile processes produce less
documentation, strictly when needed. In essence, the knowledge in both cases is
transformed from implicit or tacit knowledge [144] into explicit knowledge [79].
Two types of explicit knowledge can be discerned: documented and formal knowl-
edge. Documented knowledge is expressed in natural language and/or images,
while formal knowledge is expressed in formal languages or models with clearly
specified semantics (e.g. ADL’s, Domain models, etc).

Architectural Knowledge is mainly represented as documented knowledge in
the form of an Architecture Description [95] or Architecture Documentation [42].
An architecture document has several benefits for AK sharing as it allows for: (1)
Asynchronous communication (not face-to-face) among stakeholders to negotiate
and reason about the architecture; (2) Reducing the effect of AK vaporization [96];
(3) Steering and constraining the implementation; (4) Shaping the organizational
structure; (5) Reuse of AK across organizations and projects; (6) Supporting the
training of new project members.

However, when systems grow in size and complexity, so does the architectural
documentation. In such large and complex systems, this documentation often con-
sists of multiple documents, each of considerable size, i.e. tens to hundreds of
pages. Moreover, it becomes more complex, as within and between these docu-
ments, there are many concepts and relationships, multiple views, different levels
of abstraction, and numerous consistency issues. Current software architecture
documentation approaches cannot efficiently cope with this size and complexity;
they are faced with a number of challenges that are outlined here and elaborated
in Section 4.2:

1. Creating understandable architecture documentation [42];

2. Locating relevant Architectural Knowledge [24];

3. Achieving traceability between different entities [91];

4. Performing change impact analysis [173];

5. Assessing the maturity of the design [16];
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6. Trusting the credibility of the information [127].

The research problem we address in this chapter, is how to manage AK doc-
umentation of large and complex systems, in order to deal with these challenges.
To partially tackle this problem, we propose an approach that enriches documen-
tation with formal knowledge. The approach consists of a method supported by
a tool suite. The key idea of this approach is to enrich software architecture doc-
uments by making the AK they contain explicit, i.e. capture this knowledge in a
formal model. This formalized AK in turn is used to support the author and reader
of the software architecture document with dealing with the aforementioned chal-
lenges. The proposed approach is complimentary to current architecture docu-
mentation approaches, as it builds upon them in order to transform documented
into formal knowledge.

The usage of the process and the tool are demonstrated through a large and
complex industrial example. We provide empirical evidence for the benefits of the
approach through a quasi-controlled experiment in the context of this example.
For reasons of scope and length, we only focus on one of the challenges (under-
standability).

The rest of this chapter is organized as follows. Section 4.2 presents the afore-
mentioned challenges of software architecture documentation in more detail. The
next section introduces our method for enriching software architecture documen-
tation with formal AK while Section 4.4 presents the accompanying tool, the Knowl-
edge Architect. Section 4.5 explains how our approach, i.e. our method and tool
addresses the aforementioned challenges. To exemplify the approach, Section 4.6
presents an example of the application of our method for a large, complex, and
industrial system. We validate our approach with respect to one of the challenges
using a quasi-controlled experiment in Section 4.7. In Section 4.8, related work is
presented and the limitations of the approach are discussed in Section 4.9. This
chapter ends with directions for further work in Section 4.10.

4.2 Challenges for Software Architecture Documenta-
tion

As described in the previous section, the research problem we deal with, is the in-
efficiency of current software architecture documentation approaches to deal with
large and complex systems. We have broken down this problem into a set of chal-
lenges, which are elaborated in the following paragraphs:

• Understandability Documentation always loses some of the intentions of the
author when someone else reads it. As the size of documentation increases
when systems become larger and more complex, the understandability of the
documents becomes more challenging [42]. Especially when stakeholders
have different backgrounds, the language and concepts used to describe the
architecture might not be understandable to everyone. Although good refer-
ences and glossaries can help to improve the understandability, just reading
the documentation often leads to ambiguities and differences in interpreta-
tion.
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• Locating relevant AK Finding relevant AK in (large) software architecture
documentation is often problematic. The knowledge needed is often spread
around multiple documents [24]. The first obstacle is to find the relevant doc-
uments in the big set of documents accompanying a system. The practice
of informal sharing these documents through e-mails or shared directories
complicates matters, leading to a situation where different people have dif-
ferent versions of the same document. The second obstacle is to locate the
relevant AK within these documents. Although a clear documentation struc-
ture, glossary, and outline certainly helps, software architecture documents
lack the required finer granularity for locating the exact AK.

• Traceability Providing traceability between different sources of documenta-
tion is difficult [91]. In practice, the lack of traceability usually occurs be-
tween requirements and software architecture documents, since it is often
unclear how these documents relate to each other. Text and tables have a lim-
ited ability to communicate different relationships. Figures (e.g. in the form
of models or views [42]) inside architectural documentation are more effec-
tive in communicating relationships within or between documents. How-
ever, the semantics of these models and views are usually not explicit and
therefore decrease the understandability.

• Change impact analysis It is often necessary to predict the impact of a change
on the whole system. Therefore, we need to analyze which parts of the ar-
chitecture are influenced when an architectural decision is made or recon-
sidered [171]. Since documentation usually does not make these decisions
and their relationships explicit, making a reliable change impact analysis is
often very hard. The lack of traceability between the different architecture
elements further exacerbates this problem.

• Design maturity assessment Evaluating the maturity of an architecture de-
sign is difficult as there is no overview of the status of the architecture with
respect to its conceptual integrity, correctness, completeness and buildability
[16, 183]. These types of qualities are different than run-time qualities (e.g.
performance) or design-time qualities (e.g. modifiability) in that they are in-
herent to the architecture per se. Therefore they are quite complex qualities
and usually difficult to assess through scenario-based evaluation methods
[16]. To make matters worse, the size and complexity of an architecture doc-
ument directly influences these qualities and their assessment.

• Trust Architectural documentation is constantly evolving and needs to be
kept up to date with changes in the implementation and the requirements.
In large and complex systems, changes occur quite often and the cost of up-
dating the architecture document is sometimes prohibitive. Therefore, the
document is quickly rendered outdated and the different stakeholders (e.g.
developers and maintainers) lose their confidence in the credibility of the
information in it [127].

The challenges comprise the starting point for the remaining sections in this
chapter. An overview of the different sections and their relationships is illustrated
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in Figure 4.1. On the left, the challenges described in this section designate the
problem statement. The next two sections describe our approach, consisting of a
method (Section 4.3) and a tool (Section 4.4), for enriching documentation with
formal AK. In Section 4.5, we describe how our approach partially resolves the
six challenges. An industrial example presented in Section 4.6 helps to illustrate
the approach while a (partial) validation through a quasi-controlled experiment is
described in Section 4.7.

4.3 Enriching Documentation with Formal AK

A major cause of the inefficiency of current software architecture documentation
approaches is the fact that they focus on documented and not formal knowledge.
While documented knowledge can be managed by humans, this management
does not really scale up when the size and complexity of the documentation in-
creases. On the other hand, formal knowledge is more appropriate for automated
processing and can handle scalability issues much more effectively. Consequently,
formal knowledge in large and complex system can be automatically managed by
appropriate tools that in turn support understanding AK, locating and tracing it,
as well as analyzing and keep it up-to-date.

The key idea behind our approach is to add formal knowledge to existing doc-
umented knowledge in order to facilitate automated processing that scales effi-
ciently and deals with the aforementioned challenges. Formal knowledge is added
through annotating the existing documented AK sources according to a formal
meta-model. This is different than creating formal AK from scratch, e.g. as done
by [180], because we essentially reuse the existing AK and build formal AK upon
it. Our approach is comprised of a method that describes the activities that need
to be undertaken, accompanied with a tool that provides possibility to annotate
documents. Next, the activities of our method are described.

1. Identify documentation issues The first activity in our method concerns
identifying the problems in managing AK, starting from the six generic chal-
lenges presented in Section 4.2. Each one of these challenges can be refined
into the specific problems the organization is facing. Not all six challenges
must be necessarily dealt with; each organization can choose and emphasize
on specific challenges. Furthermore the list of challenges discussed in this
chapter is not exhaustive; additional challenges can be considered accord-
ing to the specific organizational context. After the challenges have been
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described in an organization-specific way, a number of use cases for man-
aging AK need to be identified that will help to address the challenges. For
example, we can derive specialized use cases on tracing particular types of
organization-dependent AK such as risks and assumptions. As a starting
point for selecting use cases, we propose our previous work on an abstract
AK use case model that describes several possible uses of AK [183]. Since
these use cases are rather abstract, they also need to be translated into the
particular context of the system, by taking into account the sources that con-
tain the AK.

2. Derive a domain model Based on the identified AK use cases, we derive a
domain model consisting of concepts (i.e. Knowledge Entities (KE)) and their
relationships that describe relevant AK. The domain model and the use case
model are intertwined in the sense that the elements of the domain model
should be used as specified in the identified AK use cases. Figure 4.2 presents
the basic model that can be used while constructing a specific domain model.
This activity aims at producing a domain model (and thus the relevant AK)
that is organization-dependent. This allows for the reuse of existing concepts
and terminology within an organization across different projects. It allows
an organization to use the domain model as a “standard” reference model to
synchronize their terminology within the organization.

3. Capture AK Once a domain model is derived, AK can be captured that ad-
heres to the domain model. It is very important to minimize the effort re-
quired to capture this knowledge. To achieve this, automation in the form of
tool support plays a crucial role. Tools can substantially reduce the required
effort by (semi-)automatically capturing AK. Typically, this involves infor-
mation extraction techniques (e.g. [24]) and assisting a user with producing
AK (e.g. [180, 202]).

4. Use AK The goal of this activity is to use in practice the use-cases identified
in activity 1 and thus deal with the corresponding challenges presented in
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Section 4.2. This activity involves consuming both documented and formal
AK. The combination of these two types of knowledge should deliver more
value as compared to the sole consumption of documented AK.

5. Integrate AK The domain model describes the relevant AK for a set of AK
use cases. The different AK elements in the domain model are not always
confined only to software architecture documents. Other sources may also
contain valuable AK, e.g. analysis models, presentation slides, architectural
models, wikis, discussion fora, and e-mails. Integrating the AK of software
architecture documents with these sources enables a more complete repre-
sentation of the knowledge.

6. Evolve AK A software architecture constantly evolves due to new develop-
ments and insights. Hence, there is the need to evolve the AK. This includes
removing outdated knowledge [93] and updating relevant knowledge. So,
both documented and formal AK should be kept up-to-date and in sync with
each other. The challenge is to streamline this process to reduce the effort re-
quired. For example, in the context of architecture documents, this means
finding a way to deal with cut & paste actions inside architecture documents
and reflecting this in the related formal model.

The first four activities of the method (i.e. identify documentation issues, de-
rive domain model, capture AK, and use AK) comprise the basic iteration where
AK is produced and used. The final two activities comprise the next iteration
where AK is integrated and evolved. In the remainder of this chapter, we only
discuss the first part (activities 1, 2, 3, and 4) and leave out the integration and
evolution activities (i.e. 5 and 6). We have made this selection in order to scope
this work down to the basic iteration. By studying the first four activities, we can
see whether the method works and brings the expected benefits. As further work,
we plan to do additional research on the last two activities. Collecting a large
amount of formal AK using the first four activities will provide us with a basis to
experimenting with for the integration and evolution activities. The next section
presents a tool suite that supports the outlined method.

4.4 The Knowledge Architect

4.4.1 Introduction

The Knowledge Architect is a tool suite that supports our proposed method by
creating, using, and managing AK across documentation, source code and other
representations of architectures. We briefly outline the tool suite and then explain
how its different parts support the different activities of the method. The heart of
the tool suite is an AK repository which provides various interfaces for tools to
store and retrieve AK. The AK itself is represented in terms of fundamental units:
the Knowledge Entities (KEs). Different tools can interact with the AK repository
to manipulate the KEs:
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• The Document Knowledge Client is a plug-in for Microsoft Word and en-
ables the capture (by annotation) and use of AK within software architecture
documents. The validation experiment in Section 4.7 focuses on the Docu-
ment Knowledge Client.

• The Analysis Model Knowledge Clients supports capturing (by annota-
tion) and using AK of quantitative analysis models. Specifically, there are
two of such clients: a plug-in for Microsoft Excel [98] and a plug-in for
Python.

• The Knowledge Explorer is a tool for analyzing the relationships between
KEs. It provides various visualizations to inspect KEs and their relationships.

Figure 4.3 presents an overview of how the various tools are related. The AK
repository is the central point for storing and retrieving AK. It is built around
Sesame, an open source RDF store [32]. Sesame offers functionality to store and
query information about ontologies [6]. Domain models are modeled as ontolo-
gies, which are expressed in OWL (Web Ontology Language) [6]. The Protégé tool
is used to create the OWL definition of the domain model, which is subsequently
uploaded to Sesame. To provide some intelligence in the AK repository, Sesame
is extended with the inferencer OWLIM [108], which offers OWL lite [193] reason-
ing facilities. The inferencer is mostly used to automatically generate the inverse
relationships that exist between KEs. In this way, a user does not has to manu-
ally define them. The Document Knowledge Client uses a custom layer on top
of Sesame to access the KEs. This layer provides a more high-level interface to
Sesame; no tool developer is needed to understand the querying and low level
storing mechanism of Sesame.

The Knowledge Architect tool suite can be used to support the activities of the
proposed method, except for the first one. Activity 1 (Identifying documentation
issues) is not supported, since it is a manual activity of refining the challenges
and selecting the relevant use cases for AK. The AK repository is used to store the
domain model resulting from activity 2.
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FIGURE 4.4: The Knowledge Architect Word plug-in button bar

The capturing of AK (activity 3) is supported by the Document Knowledge
Client and Analysis Model Knowledge Clients that capture AK from Word docu-
ments, Excel analysis models and Python programs.

Using AK (activity 4) is supported by different parts of the Knowledge Archi-
tect, depending on the specific use cases that have been selected. For example,
the Knowledge Explorer can be used to search for specific AK elements, while the
Document Knowledge Client can be used to assess the completeness of the AK.

Integration of AK (activity 5) is naturally implemented in the Knowledge Ar-
chitect through the central Knowledge Repository that collects all AK, and the
combination of the various plug-ins, that store and retrieve the knowledge.

Evolving AK (activity 6) is mostly supported by the Knowledge Explorer, which
visualizes the interdependencies between the AK elements and thus facilitates
change impact analysis. Changes to the AK can then be edited using the Document
Knowledge Client and Analysis Model Knowledge Clients. The central Knowl-
edge Repository is also useful for evolving the AK, allowing for easy management
and identification of out-of-date AK and providing a history of its evolution.

4.4.2 Document Knowledge Client

The Document Knowledge Client1 is a tool to capture and use explicit AK inside
Microsoft Word 2003. The plug-in adds a custom button bar (see Figure 4.4) and
provides additional options in some of the context-aware pop-up menu’s of Word.
The tool automatically adapts at start-up time to the domain model used in the
AK repository.

Figure 4.4 presents the buttons that give access to the functionality of the Word
plug-in. In short, they give access to the following functionality:

1. Add current selected text and/or figure(s) as a new KE.

2. Add current selected text and/or figure(s) to an existing KE.

3. Create a KE table at the end of the document

4. Color the text of the KEs based on their type.

1downloadable from http://search.cs.rug.nl/griffin

http://search.cs.rug.nl/griffin
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5. Color the text of each KE based on its completeness.

6. Show a list of KEs in the current document.

7. Export KEs of the document to a XML file.

8. Import KEs from the document into the connected AK repository.

9. Connect to an AK repository.

10. Read annotations from the current active document, i.e. enable the plug-in
for the current active document.

11. Open the settings menu.

12. Display the plug-in version & authors information.

4.4.3 Knowledge Explorer

Typically, the size of an AK repository will be considerable containing thousands
of KEs. Finding the right AK in such a big collection of KEs is not trivial. Hence,
there is a need for a tool to assist in exploring an AK repository. The Knowledge
Architect Explorer is such a tool. In this subsection, we briefly explain how this
tool works and what kind of techniques are used to deal with the size of an AK
repository.

Figure 4.5 presents a screenshot of the Knowledge Explorer. On the left hand
side the search functionality is shown. Users can use the see-as-you-type search
box on the bottom left to look for specific KEs. The resulting KEs of this search
action are shown in the list on the left hand side. The results can be filtered using
the drop down box on the left, thereby reducing the size of the found results. The
filtering is based on the type of the AK. The available options are presented based
on the used domain model.

Double clicking on one of the search results focuses the visualization in the
middle part of the figure on the selected KE. The selected KE (i.e. DD26) is in-
dicated with a red background color. The middle visualization shows how the
selected KE is related to other KEs. Double clicking on these related KEs changes
the focus of the visualization accordingly.

The relationships that are shown depend on so-called “pillars”. The pillars are
the concepts of the domain model that are selected from a list on the top right
and visualized as gray pillars in the middle. In the case of Figure 4.5, these pillars
are the Alternative, Decision Topic, and Requirements concepts. The pillar con-
cept allows for easy inspection of whether a KE is (in)directly related to other KEs
of a specific type. For example, this allows for checking whether a requirement
eventually leads to a specification. This is simply achieved by only enabling the
requirement and specification pillar. To get additional information about a KE, the
mouse can be hovered over a KE and a pop-up window will present this informa-
tion.
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FIGURE 4.5: The Knowledge Explorer

Another way to deal with the size of the AK repository is by using the list found
in the middle right. This list presents all the KE authors and provides the oppor-
tunity to either include or exclude KE from specific authors for the visualization
in the middle.

The last mechanism that helps dealing with the AK repository size is the slider
on the middle right. This slider controls the distance at which a KE is no longer
considered related to the selected KE. This distance is defined as the maximum
number of relationships that may be followed to find a related KE. By moving the
slider to the right, more distant related KEs are visualized, whereas moving the
slider to the left reduces this number.

4.5 Resolved Challenges

The method and the tool of the proposed approach aim at resolving the challenges
presented in Section 4.2. In this section we outline how this takes place at a general
level while in Section 4.6 we will go into the details of these challenges for a specific
organization. Each challenge is addressed by the proposed method and tool as
described below.

Understandability

• Method The domain model derived in activity 2 of the method provides a
common language for communication. This makes an architecture design
easier to understand, as all concepts are defined in a clear way and are related
to other concepts. The understandability is further increased when people
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become aware that they have to be strict when annotating their text (activity
3). This increases the clarity and unambiguity of the text. Also, when access-
ing and using the annotated documents (activity 4), the understandability is
expected to increase, as described in the experiment in Section 4.7.

• Tool The knowledge explorer enhances understandability by visualizing the
relationships between the different KE instances through the documentation.
This offers the opportunity to gain insight into the architecture in a way that
is hard to achieve by simply reading a software architecture document. The
document knowledge client improves understanding by offering traceability
support, additional rationale, and meta-data about KE instances. In Section
4.7, we empirically validate whether this tool enhances the understandabil-
ity.

Locating relevant AK

• Method The method makes finding relevant AK easier due to the classifica-
tion of the knowledge and the relationships the KEs have with each other.
The classification allows one to scope the search for relevant AK to specific
types of knowledge. This improves the quality of search results. In addi-
tion, the formal AK model allows to link search results to other related AK,
thereby making it easier to find and understand the context of the knowl-
edge.

• Tool The knowledge explorer offers search by keyword and by KE category
(see Section 4.4.3), in order to find knowledge. Also, relevant AK can be
found by following the relationships of KEs. The document knowledge client
can color KE instances making them easily findable on a document page (see
Section 4.4.2). In addition, the tool can create a table with the different KE
instances, using different orderings at the end of document. The KE instances
in this table are provided with navigable links to their source, making the
locating of relevant AK easier.

Traceability

• Method The method does not only focus on capturing KE instances, but also
on capturing the relationships among these instances. In doing so, the result-
ing AK model provides traceability among the AK (even through different
sets of documentation, as described in activity 5).

• Tool The document knowledge client supports people in creating (see Section
4.6.4) and using traceability information inside documents (see Section 4.6.5).
Apart from the documents, the knowledge explorer tool supports analysis of
traceability knowledge (see Section 4.4.3).

Change impact analysis

• Method An important form of AK are architectural (design) decisions. Once
these decisions are captured in a formal model (i.e. activity 3 of the method),
assessing the impact of changing such a decision becomes easier. For ex-
ample, techniques like Bayesian belief networks can then be employed to
predict the impact of architectural design decisions [173].
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• Tool The impact of changes can be analyzed in the knowledge explorer (see
Section 4.4.3). Selecting a changed KE instance (e.g. a requirement) in the
tool will visualize the related (and potentially affected) knowledge (e.g. de-
cisions).

Design maturity assessment

• Method The method helps with assessing the maturity of a design. For com-
pleteness, automatic model checking can be used to asses what kind of AK
is likely to be missing. To assist in assessing the correctness and consistency
of the architecture design extensive formalization is required to model the
semantics of the behavior of the designed system.

• Tool The Document Knowledge Client offers a completeness check, status
field, and space for review comments to support such an assessment. We
refer to Section 4.6.5 for an in-depth description of how the client supports
this assessment.

Trust

• Method The method helps with addressing the trust challenge by offering the
possibility to attach meta-data to the captured and formalized AK. This fa-
cilitates the different stakeholders to investigate the author of the knowledge
and the date it was created, and decide whether or not to trust it. Another
example is aligning the process with KE instances by having a status field
describing the status a KE has in this process. For example, [114] proposes
to associate a status (e.g. Idea, Tentative, Decided, Approved, Challenged,
Rejected, Obsolesced) to a decision.

• Tool The knowledge repository maintains a rich history of the KE instances,
thus establishing how up to date they are. For example, the Document Knowl-
edge Client can track the use, changes, and comments to individual KE in-
stances, thereby providing a history that is suitable to judge the credibility of
the knowledge. Also, by making it easier to assess the KE of an architecture
through the explorer, it is easier to gain trust in the document at hand.

Figure 4.6 presents a visual summary of the relationships between the chal-
lenges, activities, and tools. The challenges are depicted on the left side, the activ-
ities in the center, and the associated tools on the right side of the figure. Besides
these relationships the figure also illustrates the scope of the upcoming two sec-
tions: the industrial example of Section 4.6 and the quasi-controlled experiment of
Section 4.7.

4.6 The LOFAR Example

In this section, we present an example of a real, large, and complex system. First,
we present an introduction of this system. Then we present how activities 1, 2, 3
and 4 of our method (see Section 4.3) are applied in this context. We also outline,
where appropriate, how the tooling of Section 4.4 is used to support the activities
of our method.
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4.6.1 Introduction

The industrial example investigated in this chapter is LOFAR (LOw Frequency
ARray)2: a new radio telescope under construction by ASTRON, the Netherlands
Institute for Radio Astronomy. LOFAR is rapidly becoming a European effort,
with France, Germany, the United Kingdom, and Sweden having funded stations,
with others to be added soon. What makes LOFAR interesting from a software
architecture perspective is the fact that it is the first of a new generation of software
telescopes [37]. Software is of paramount importance in the system design, as it
is one of the crucial design factors for achieving the ability to communicate and
process the 27 Tflop/s data stream in real-time to be fed into scientific applications.
The architecture of this large and complex system is described in many different
documents, ranging in scope from the entire system and particular subsystems to
specific prototype analysis.

4.6.2 Activity 1: Identify Documentation Issues

The first activity entails identifying the current issues with respect to using the
architecture documentation. The challenges outlined in Section 4.2 are manifested
in the LOFAR project as follows:

• Understandability Creating a radio telescope that uses cutting edge tech-
nology involves many different specialists, each coming from a very differ-
ent background, e.g. astronomers, high performance computing specialists,
antenna specialists, industrial manufacturing experts, politicians, and em-
bedded systems engineers. Hence, creating an understandable software ar-
chitecture is vital for communicating and thereby creating consensus about
the design among the stakeholders.

• Locating relevant AK The architectural documentation of the LOFAR system
consists of multiple documents, which in total encompasses over 1000 pages.
Locating relevant AK is very hard simply due to its size.

• Traceability The architecture description of LOFAR is split in separate docu-
ments for the top-level and individual sub-systems. Finding out what exactly
the relationships are between these documents is very hard. It is especially
difficult to understand how particular requirements are addressed in the ar-
chitecture design.

• Change impact analysis Predicting the impact of a design change is a major
issue for LOFAR, as it forms a critical part of risk management. For example,
a major risk is a change in the available budget, which has ramifications to
the viability of the telescope design. Change impact analysis is needed to
identify these ramifications.

• Design maturity assessment At the time the investigation for this example
took place, an important issue for ASTRON was to know whether the design
was mature enough to be built or if additional design activities were needed.

2http://www.lofar.org/

http://www.lofar.org/
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• Trust The design time for the LOFAR telescope is around 10 years, with an
expected minimal operating time of 15-20 years. During this period, the tele-
scope and its software will be constantly upgraded to improve performance.
Hence, having up-to-date, trustworthy AK will play a crucial role in the fu-
ture of the telescope, as this partly defines the scientific relevance and success
of the instrument.

After describing how the six challenges are manifested in the LOFAR project,
we identified a number of use cases that help to address the challenges. We started
from the use case list of [183] and derived a prioritized list of project-specific use
cases. Based on this, we decided together with ASTRON to focus our effort on the
use case: Perform incremental architectural review. ASTRON wants to perform better
and more efficient architectural reviews. As stated in [183], this use case makes use
of three other use cases: Perform a review for a specific concern, View the change of the
architectural decisions over time and Identify important architectural drivers. This main
use case touches upon three specific concerns (the aforementioned challenges):
traceability, design maturity, and understandability.

Architectural reviews in ASTRON take place in two stages: first, the reviewers
individually review one or more architectural documents and create comments
about them; second, a review coordinator collects these comments and organizes
a review meeting to discuss the most pressing issues. This use case focuses on sup-
porting the first stage of the review process by enriching the used documentation
using the Document Knowledge client (see Section 4.4.2). This helps the review-
ers in a better and more efficient preparation for the review meeting. To increase
efficiency, the document review can take advantage of tracking which KEs have
been found consistent, complete, and correct, i.e. assessing the design maturity.
The coloring of these KEs allows the reviewers to focus more easily on that part of
the architecture description that requires further attention. Furthermore, provid-
ing traceability and easy spotting of relevant AK can improve the understanding
a reader has of the software architecture.

4.6.3 Activity 2: Derive a Domain Model

To discover what AK is relevant in the LOFAR system, we investigated the AK
used and documented in the system taking into account the use cases from the pre-
vious activity. Independently from each other, two of the authors and a software
architect of ASTRON examined a part of the architecture documentation. With a
marker pencil, they annotated the text and/or figures that represented KEs. In the
sideline of the document, they wrote down the name of the concept they believed
this annotation to be an instance of. Prior to this, no deliberations were made on
these concepts.

After completing this exercise, we compared the annotations and associated
concepts with each other. The annotations made by the independent reviewers
were surprisingly similar. Although the names of the concepts differed, the mean-
ing of most of them were similar. Using affinity diagrams, we grouped the con-
cepts. In case of doubts, the original pieces of text annotated were revisited and
compared with each other. The aim of this exercise was to come up with the mini-
mum set of concepts that was good enough to cover all the annotations.
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FIGURE 4.7: A domain model for AK in documentation

The end result, i.e. the derived concepts and their relationships are presented
in Figure 4.7. Each concept inherits from a KE, as modeled in Figure 4.2. Therefore
the domain model for AK, specific to the LOFAR architecture documentation, is
comprised of the following concepts:

• Concern. A concern is an interest to the system’s development, the system
operation, or any other aspect that is critical or otherwise important to one
or more stakeholders.

• Requirement. A requirement is something that is explicitly demanded from
the system by a stakeholder.

• Risk. A risk is a special type of concern, which expresses a potential hazard
that the system has to deal with.

• Decision Topic. A scoping of one or more concerns, such that a concrete
problem is described. Often stated as a question, e.g. what is the contents of
the data transport layer?

• Alternative. To solve the described problem (i.e. a decision topic), one or
more potential alternatives can be thought up and proposed.

• Decision. For a decision topic there are sometimes multiple alternatives pro-
posed, but only one of them can be chosen to address the described decision
topic. The decision outlines the rationale for this choice.

• Quick Decision. Often only one alternative is described to address a deci-
sion topic. Providing rationale for such an alternative is often lacking. The
mere fact that the architect only describes a single alternative in the docu-
ment, implicitly indicates that the architect has chosen this alternative as the
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one to use. Thus the alternative becomes a decision in its own right, i.e. a
quick decision.

• Specification. A special kind of decision is a specification. It indicates the
end of the refinement process for the software architecture. Any concerns
coming up from the alternative chosen are in principle the responsibility of
the detailed design.

4.6.4 Activity 3: Capture AK

Capturing AK with the Document Knowledge Client involves the Add KE and Add
to existing KE buttons, but can also be performed by selecting a piece of text and
right clicking and choosing the appropriate option from the pop-up menu. When
adding a new KE, a menu appears, which allows the user to provide the following
additional information about a KE:

• Name that identifies the KE.

• Type of the KE, which is one of the concepts of the domain model being used.
This can be selected through a pull-down menu.

• Status of the KE, which describes the level of validity of the KE, and is se-
lected from the following options:

– To be reviewed the KE needs to be reviewed by someone else then the
creator of the knowledge.

– Reviewed the KE has been reviewed, but no verdict has been reached
yet.

– To be discussed the KE is controversial and should be discussed.

– To be checked additional analysis is still needed to support the validity
of the KE.

– Validated the KE can be regarded as stable and trustworthy.

– Obsoleted the KE is no longer valid.

• Connections The user can add and remove relationships to other KEs. Based
on the earlier defined KE type and the domain model, the tool determines the
type of relationships that might be available for new relationships to other
KEs. Creating a relationship to a related KE is a four step process. To illus-
trate this process, we take as an example a new KE of the “Requirement”
type. The first step is to choose the type of relationship. In our example,
this could be either the “raises” or “created by” (the inverse of “creates”)
relationship, as defined in the domain model (see Figure 4.7). The second
step is to determine the scope in which the target KE of the relation can be
found, which is either the current document, or the whole AK. Usually, a
self-containing architecture document will have most of its relationships to
KEs within the current document. The third step is to search for the KE,
which is based on partial name matching. The (intermediate) results of the
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search are presented in a table like fashion, such that all details of the found
KEs can be inspected. The fourth step is to select one or more of the search
results and confirm the creation of a relationship. The inverse relationship(s)
will be automatically created and maintained by the tool.

• Notes, which are additional textual information about the KE. Usually these
contain pointers to more information or comments about the validity of the
KE.

• Creator of the KE, which is automatically determined by the tool, based on
the current configured Word user.

4.6.5 Activity 4: Use AK

The enriched documentation can be used to execute the use cases identified in the
first activity. In this section we focus on the use case of performing an incremen-
tal architectural review, as discussed Activity 1. We first describe how using AK
during architectural reviews, helps to deal with traceability and understandability
issues. Next, we describe how the design maturity can be assessed during such a
review.

Traceability & Understandability

A KE can be edited or removed by choosing the appropriate option from the pop-
up menu when right-clicking on the text of the KE. In the same menu, the relation-
ships among KEs can be followed. Thus useful traceability among KEs is provided.
Figure 4.8 exemplifies this: under the “Connections...” the pop-up menu lists the
relationships that a KE has, while clicking on them moves the cursor to the ap-
propriate piece of text. This allows for a hyper-link style of navigation inside an
architecture document. Navigating back to the originating KE is easy due to the
automatically created inverse relationships.

To enhance the understandability of the document, the tool facilitates the recog-
nition of existing KEs by coloring the text based on the KE type (button 4 in Figure
4.4). Figure 4.8 gives an example of the effect of this coloring. The colors used for
each type can be configured in each AK repository. This improves understanding
in two ways. Firstly, by simply browsing through an annotated document gives
the reader a global understanding of where most relevant AK resides in the doc-
ument. Secondly, by making the KEs and their type easy to spot, a reader (e.g. a
reviewer) can straightforwardly guess the message, that the architect tries to com-
municate.

Design Maturity Assessment

The Document Knowledge Client can support the architect in assessing the com-
pleteness of the architecture description. Based on the domain model, the tool
performs model checks to identify incomplete parts. For each KE inside the docu-
ment, a completeness level is determined. The completeness levels are named after
the colors that are used to color the text of the KE. To find out why the tool deems a
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FIGURE 4.8: A software architecture document with colored KEs and
pop-up menu for tracing the relationships of a KE

FIGURE 4.9: Incompleteness information of a KE
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certain KE to be incomplete, the user can inspect the “Completeness....” option of
the context pop-up menu to see which rules are not adhered to. Figure 4.9 presents
an example of this. The tool distinguishes the following four completeness levels
(ordered from high to low severity):

• Red One or more primary rules are violated.

• Orange The primary rules are adhered to, but one or more secondary rules
are violated.

• Yellow Both primary and secondary rules are adhered to. However, the KE
has not achieved the status of “validated” yet.

• Green Both primary and secondary rules are adhered to. In addition, the KE
has been validated by a reviewer.

The distinction between primary and secondary rules is a pragmatic one. Pri-
mary rules are those that check whether the document is complete enough to pro-
vide a minimum level of traceability. This minimum level should ensure the exis-
tence of at least one reasoning path a reader could follow. Secondary rules focus
more on the completeness of the architecture design. Both the primary and sec-
ondary rules depend on the specific domain model used, as they use the concepts
and relationships of the domain model to detect missing information. The rules
are evaluated inside the AK repository, which offers an infrastructure to easily add
or remove new rules during run-time. For the ASTRON LOFAR Domain model
(see Figure 4.7), the following primary rules are used:

• All Alternatives address one or more Decision Topics each.

• All Decision Topics are addressed by at least one Alternative.

• All Decisions choose exactly one Alternative. This rule is not applied for a
Quick Decision.

• All Decision Topics have an originating Concern or Alternative.

The following secondary rules are used:

• A Concern raises at least one Decision Topic.

• Concerns, that are not Requirements or Risks, are created by Alternatives.

• Chosen Alternatives and Quick Decisions that are not Specifications, either
create at least one Concern,or raise at least one Decision Topic.

• Quick Decisions should not have “chooses” or “chosen by” relations to other
KEs.

• A Quick decision should be the only Alternative addressing a Decision Topic.

• Exactly one Alternative should be chosen for a Decision Topic.
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4.7 Quasi-Controlled Experiment

This section presents a quasi-controlled experiment to empirically validate a part
of the presented approach. This experiment is conducted as an observational
study. This section follows the controlled experiment reporting guidelines of [102].
Since the experiment is only part of this chapter, some parts of the reporting guide-
lines are already covered in other sections. In specific, the content of the structured
abstract is part of the introduction, related work is discussed in Section 4.8, and fu-
ture work is presented in Section 4.10.

4.7.1 Motivation

To validate our approach, we conducted a quasi-controlled experiment. The exper-
iment focused on one of the identified challenges (understandability, see Section
4.2) and on a specific use case (performing incremental architecture review, see
Section 4.6.1). In addition, the focus was on the Document Knowledge Client and
did not involve the Explorer.

Problem Statement and Research Objectives

The research question we answer with the quasi-controlled experiment is the fol-
lowing: Does our approach for enriching software architecture documentation with formal
AK improve the understanding of a software architecture description? We present the
research objective using the template suggested in [102]: Analyze the presented
approach for the purpose of improving with respect to software architecture un-
derstanding from the point of view of the researcher in the context of the LOFAR
example presented in Section 4.6.

Context

The context of the quasi-controlled experiment is the LOFAR system, as described
in the previous section.

4.7.2 Experimental Design

Goals, Hypotheses and Parameters

In our experiment, we compare the understanding one has of the architecture
when using a normal documentation approach as opposed to a documentation ap-
proach which includes the possibility for enriching the documentation. For this,
we need a way to quantify the understanding (and associated communication)
someone has of a software architecture. Achieving such a measurement for such
a complex topic as a software architecture is very difficult. One activity in which
the understanding of a software architecture plays a key role is that of an architec-
tural review. Understanding the architecture is crucial for a reviewer’s ability to
judge an architecture. Hence, we can indirectly measure the understanding some-
one has of a software architecture by looking at how well he or she performs an
architecture review.
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Based on this assumption about the relationship between understandability
and architectural review, we have formulated the following null hypotheses:

• H01 : Consuming formal AK makes an architecture review less efficient, i.e.
#comments(ConsFormAK) < #comments(ConsDoc)

• H02 : Consuming and producing formal AK makes an architecture review
less efficient, i.e. #comments(ConsProdFormAK) < #comments(ConsDoc)

• H03 : Consuming formal AK degrades the quality of a review, i.e. quality-
Comments(ConsFormAK) < qualityComments(ConsDoc)

• H04 : Consuming and producing formal AK degrades the quality of a review,
i.e. qualityComments(ConsProdFormAK) < qualityComments(ConsDoc)

The associated alternative hypotheses are:

• H1 : Consuming formal AK makes an architecture review more efficient, i.e.
#comments(ConsFormAK) > #comments(ConsDoc)

• H2 : Consuming and producing formal AK makes an architecture review
more efficient, i.e. #comments(ConsProdFormAK) > #comments(ConsDoc)

• H3 : Consuming formal AK improves the quality of a review, i.e. quality-
Comments(ConsFormAK) > qualityComments(ConsDoc)

• H4 : Consuming and producing formal AK improves the quality of a review,
i.e. qualityComments(ConsProdFormAK) > qualityComments(ConsDoc)

The experiment is embedded into ASTRON’s normal development process and
followed their normal procedures for an architectural review. This means that one
person is the coordinator for the review. He or she receives the software archi-
tecture document from the architect and sends them out to the reviewers. The
reviewers read the software architecture document and send their comments be-
fore a deadline to the coordinator. After all reviewers have sent in their comments,
the coordinator makes a selection of these comments and arranges a meeting with
the architect and reviewers to discuss the selected comments.

Independent Variables

The experiment consists of two independent variables: (1) the (none) use of the
tool (2) the (none) production of formal knowledge. We call the combination of
these two variables a situation, i.e. a treatment in empirical research. To determine
the effectiveness of our approach, we examine the following three situations:

• Situation 1: Consume documented/formal AK In this situation, the subjects
use the Knowledge Architect Document Knowledge Client with an anno-
tated version of the software architecture document. They are not allowed to
create new annotations. Hence, the subjects only consume formal AK [121].
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TABLE 4.1: Experimental design: #subjects per situation

Situation

Chapter 1 2 3
1 6 5 5
2 & 3 5 6 5

Total 11 11 10

• Situation 2: Consume documented AK and produce formal AK In this sit-
uation, the subjects use the Document Knowledge Client on a unannotated
version of the document. They are encouraged to make their own anno-
tations alongside their review. Hence, the subjects produce formal AK and
only consume their own produced formal AK and the documented knowl-
edge from the document.

• Situation 3: Only consume documented AK The subjects do not use the
Document Knowledge Client and do not consume formal AK. They merely
review the document, as in a “normal” review, but still read the document
from a computer screen.

Situation 3 acts as a baseline to compare the performance of situations 1 and 2.

Dependant Variables

The experiment uses two dependent variables for measuring the understanding of
the architecture. They are based on the review comments of the subjects. First, we
measure the broadness of this understanding by looking at the quantity of comments
each subject makes in a limited amount of time, i.e. 1 hour. Second, we measure
the deepness of this understanding by rating the quality of the comments. This latter
quality is defined as the extend a comment helps to improve the architecture and
its description. The comments are rated by two people: the architect and a very
experienced architecture reviewer. They give each comment a rating on a scale of
1 to 5, with 1 being the lowest quality rating and 5 the highest.

Each of the subjects perform two reviews. For this, we have split the software
architecture document in two equally sized parts, i.e. Chapter 1 and Chapters
2 & 3, that describe different aspects of the architecture independent from each
other. Each subject therefore performs two reviews, one for Chapter 1 and one for
Chapters 2 and 3. Consequently, each subject only participate in a maximum of 2
out of 3 situations.

We designed the experiment in such a way that the subjects were evenly dis-
tributed over the 3 situations per document part. Table 4.1 presents this distribu-
tion. The experiment design is a semi-randomized design, as we put additional
constraints on allowed assignments of subjects to situations. That is, each subject
was randomly assigned to two different situations. The top and middle of Table
4.2 presents the resulting assignments of subjects to situations using a sort card
randomization.



4.7. Quasi-Controlled Experiment 79

TA
B

L
E

4.
2:

R
at

in
gs

of
re

vi
ew

er
co

m
m

en
ts

of
th

e
fir

st
ho

ur

C
ha

pt
er

1
Su

bj
ec

t
1

2
3

4
5

6
7

8
9

10
11

12
13

14
15

16
Si

tu
at

io
n

3
1

2
1

3
1

1
3

3
1

2
2

2
2

1
3

Weight

1
0

0
0

0
0

2
0

0
0

1
1

3
0

2
0

0
0

0
2

1
0

0
0

3
1

4
0

0
0

0
1

2
2

1
2

0
1

4
2

0
0

5
1

0
1

0
3

1
0

0
0

1
1

4
1

2
6

8
3

2
1

0
1

9
7

3
1

1
1

1
0

0
1

1
1

4
4

1
6

4
0

0
0

0
1

2
0

2
4

2
3

6
4

4
0

0
9

8
4

1
0

1
0

0
0

0
0

0
0

0
0

2
0

1
1

0
0

0
0

0
1

7
2

2
0

1
2

1
0

1
3

5
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

1
0

0
0

0
0

0
0

0
0

1
0

0
0

0
0

0
C

ha
pt

er
2

&
3

Si
tu

at
io

n
2

3
1

3
2

2
2

2
2

3
1

1
3

1
3

1

Weight

1
0

0
2

4
1

1
0

1
0

1
0

0
0

1
0

0
1

1
0

2
0

0
1

3
2

6
1

3
0

0
3

12
2

0
0

6
3

5
2

1
2

1
0

2
1

0
1

0
0

0
0

3
3

1
0

3
10

4
5

5
3

1
1

5
11

3
0

0
0

2
3

4
1

0
1

3
0

2
2

0
0

0
0

0
2

0
0

0
6

2
6

0
6

5
1

1
12

2
4

1
1

1
0

2
3

0
0

2
0

1
0

0
0

0
0

0
0

0
0

0
1

3
1

1
2

0
1

0
0

5
0

5
0

0
0

0
0

1
1

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
3

0
0

0
0

0
0

0
0

0



80 Chapter 4. Enriching Software Architecture Documentation

Subjects

In total 16 persons participated in the experiment. The subjects had different back-
grounds: senior software engineers (subjects 8 & 15) and software engineers work-
ing on the LOFAR system (subjects 3 & 7), master students in software engineering
who have participated in a course on software architecture (subjects 1,2,4,6,9,10,
and 11), and academic researchers of AK (subjects 5,12,13,14, and 16). Hence, 4 of
the subjects are practitioners and the other 12 are academics. One of the master
students (subject 6) knows the Document Knowledge Client, for he has been in-
volved in its development. All other subjects were not knowledgeable about the
tool.

Objects

The document used for the experiment was a recently created software architec-
ture document of the LOFAR system (see Section 4.6.1). This document is not part
of the set of documents we investigated for the domain model (see Section 4.6.3).
Each subject was provided a laptop on which the Document Knowledge Client
and the document was available. For subjects that were performing their review
in situation 1 or 2, a one page supporting leaflet was provided to them. The leaflet
explained the LOFAR domain model (see Section 4.6.3) and a very short manual
on the workings of the Document Knowledge Client.

Instrumentation

Before the actual review started, a 40 minute presentation explaining the experi-
ment was given to the subjects. This presentation included an explanation of the
Document Knowledge Client and the LOFAR domain model. Following was a
small training exercise lasting for 20 minutes. In this exercise, the subjects used
the Document Knowledge Client to annotate and use formal AK in a sample doc-
ument.

To guide the subjects with capturing comments during their review a template
was provided to them. The template was a simple table, with one row per com-
ment. The reviewers were asked to fill the following two significant columns:
comment text and comment type. The first column contains the text of the com-
ment. In the second column, the reviewer classified his/her comment as either a
positive remark or as an improvement to the architecture (description).

To gather important qualitative information from the subjects, the experiment
ends with a group discussion. We used the following checklist to ensure the dis-
cussion covered vital parts we were interested in:

• General remarks about the quasi-controlled experiment.

• Bugs the subjects encountered while using Document Knowledge Client.

• Improvements that could be made to our tool and approach.

• Domain model how good or bad it was for the specific review task.
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• Creating annotations besides the provided ones, a situation not covered in
our quasi-controlled experiment.

• Future use, i.e. whether the subjects would like to use the Document Knowl-
edge Client again the next time when they are performing an architectural
review.

Data Collection Procedure

The experiment was performed three times at separate days. The experiment
started with the aforementioned 40 minute presentation and a 20 minute train-
ing exercise. After this first hour, the subjects started with their reviews in their
assigned situation. Once the two review sessions were completed, the experiment
was concluded with a 15-30 minute wrap-up discussion session to collect the ex-
periences of the subjects. All in all, including breaks, the entire experiment took 5
to 7 hours per person.

For each review, the subjects had two hours of time. The review comments
were collected at the end of the first and second hour. Due to time constraints of
the ASTRON engineers, we limited their review time to a single hour. This is why
in the rest of this experiment the focus is on this first hour.

Analysis Procedure

In this experiment, we focus on the result of the review that was send to the coor-
dinator; a list of comments and remarks about the software architecture document.
By judging these comments, we quantify how well a reviewer had performed the
review, and thus indirectly measure how well they understood the architecture.

We simplified the experiment analysis by making several important assump-
tions. Without these assumptions, we should use a non-parametric statistical test.
However, seeing that we have very limited number of subjects, achieving signif-
icant results is most likely impossible. Hence, we want to use a parametric test.
However, for this to work we need to make three assumptions. Firstly, as the met-
ric for the quality of a comment the average score of both raters is used. Secondly,
we assume that the number of comments per subject is an independent variable,
i.e. the number of comments made by one reviewer does not influence the num-
ber of comments made by another reviewer. Thirdly, the number of comments for
a situation has a normal distribution. Based on these three assumptions, we can
use the student t-test [165] to statically test whether the encountered differences
are significant. We use the one-tailed variant of this test, as we want to measure
whether the found differences are statistically significant.

The student t-test calculates the chance that a similar result will be found when
the experiment is repeated. In this chapter, we call this chance the confidence
level, which is defined as 1− p with p being the so-called p-value. Most empirical
researchers use a confidence threshold of 0.95 (i.e. 95% or α = 0.05) as the mini-
mum level to accept a hypothesis. For this chapter, we use an α value of 0.05 to
statistically accept a hypothesis, i.e. p < α. For results with confidence levels be-
tween 0.80 to 0.95, we regard the results to be strong indicators for their associated
hypothesis.
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Validity Evaluation

We improve the reliability and validity of the data collection in various ways.
Firstly, we enabled the automatic file saving feature of Word on a short interval of 5
minutes to prevent losing either review comments or annotations due to crashes.
Secondly, we ensured that assistance was available for the reviewers in the case
they were confronted with problems, e.g. with understanding the working of the
tool.

4.7.3 Execution

Sample

Table 4.2 presents the raw data resulting from first hour of the experiment. The
table presents a number of things for the two reviews (i.e. Chapter 1 and Chapter
2 & 3). First, it displays in which situation a subject was performing a review.
Second, it presents the results in this situation after 1 hour. Third, it shows for
every subject the number of comments that have received a certain rating. The
left number is the rating by the architect and the right number is the rating of the
review expert. In total, 203 comments were collected for the first hour and 94 more
in the second hour.

Preparation

The preparation went smoothly and followed the description outlined in the ex-
perimental design (see Section 4.7.2).

Data Collection Performed

The data collection performed followed the description of Section 4.7.2. There was
one exception, subject 16 only performed the first hour of the review of Chapter 1,
whereas 2 hours were planned. Since the analysis of this experiment concentrates
on the first hour, this deviation has no influence on the experiment results.

Validity Procedure

No crashes occurred during the experiment. Assistance with the Document Knowl-
edge Client was needed during the first execution of the experiment, as the color
scheme used to color KEs according to their type in the document was not clear.
The supplied one page leaflet was updated to include this information.

4.7.4 Analysis: Quantity

Descriptive Statistics

Based on the results presented in Table 4.2, we evaluate the quality and quantity of
the comments. For the quantity, we count the number of comments per reviewer
per situation. This number in turn is averaged over all the reviewers in a particular
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Average amount of comments per reviewer per situation
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FIGURE 4.10: Average number of comments of the reviewers per sit-
uation

situation. Figure 4.10 presents the resulting average number of comments of the
reviewers per situation.

Data Set Reduction

The comments displayed in Table 4.2 are those comments the reviewers them-
selves labeled as improvements and not as positive remarks. Since the positive
remarks do not add value to the review process, we have left these out.

Hypothesis Testing

Figure 4.10 shows that, in the experiment, on average the subjects make more com-
ments when consuming formal and documented knowledge (situation 1) com-
pared to a normal review (situation 3). This supports hypothesis H1. In addition,
the subjects seem to make less comments when producing formal AK (situation 2)
compared to a normal review in which only documented AK is consumed (situa-
tion 3). Hence, we reject hypothesis H2 and consider the associated null hypothe-
sis H02. However, the question is whether these found differences are statistically
significant.

To calculate the t-test value, the standard deviations of the results per situation
are needed. In short order, these are: 7.66 (situation 1), 4.71 (situation 2), and 6.15
(situation 3). Based on these values , the data of Table 4.2, and Figure 4.10, we find
the following confidence levels for hypotheses H1 and H02 as shown in Table 4.3.



84 Chapter 4. Enriching Software Architecture Documentation

TABLE 4.3: Confidence levels for H1 and H02

Hypothesis Situations Confidence p

H1 1 > 3 0.6980 0.3020
H02 2 < 3 0.7296 0.2704

Average comment quality per situation
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FIGURE 4.11: Average quality of comments of the reviewers per situ-
ation

4.7.5 Analysis: Quality

Descriptive Statistics

We analyze the results for the quality of the comments by calculating an average
comment rating score for each subject in each situation. Since the The Pearson
Product Moment Correlation Coefficient [158] between the two raters is rather low,
i.e. r = 0.29. Hence, using the average is a rather conservative way to deal with
this. We calculate this average using the following equation:

∑i=n
i=0 cwai+∑

j=n
j=0 cwerj

2∗n

In this equation, n is the number of comments of a subject. cwai and cwerj are
the ratings the architect and the review expert have given as quality of a comment,
i.e. the values from Table 4.2. Thus we calculate an average comment rating for
each subject in each situation. In turn, these averages are used to calculate the
average quality of a comment per situation. The results of this calculation are
presented in Figure 4.11.
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TABLE 4.4: Confidence levels for H3 and H4

Hypothesis Situations Confidence p

H3 1 > 3 0.9584 0.0416
H4 2 > 3 0.9292 0.0708

Data Set Reduction

Note, that for subject 7 these numbers don’t add up, as one comment was not rated
by the architect. Since the average of both reviewers is used as the metric of the
quality of a comment, we use for this comment only the quality rating given by
the review expert.

Another complication in the quality calculation are subjects that have no com-
ments, i.e. subject 9 for Chapter 1 and subject 8 for Chapters 2 & 3. For these two
subjects an average quality of their comments cannot be determined. Hence, we
exclude them from the calculation of the average comment quality per situation.

Hypothesis Testing

Comparing Figure 4.11 with the quantitative results presented in Figure 4.10 it is
surprising that the average quality of the comments, although there are less, in
situation 2 is higher than that in situation 3. This indicates that producing AK
deepens the understanding of an architecture document, but reduces the broad-
ness of this understanding.

To determine whether the found differences are statistically significant, we use
the same student t-test as for the quantitative part. The standard deviations for
the three situations are: 0.39 (situation 1), 0.62 (situation 2), and 0.28 (situation 3).
Based on these numbers, we find the confidence levels for hypotheses H3 and H4
in Table 4.4.

4.7.6 Interpretation

Evaluation of Results and Implications

For the quantity of the comments, we have hypotheses H1 and H02. Based on the
results, we cannot statistically accept hypotheses H1 and H02 However, the result
does give a weak indication that an improvement in the number of comments for
situation 1 over situation 3 is likely and the opposite is the case for situation 2
compared to situation 3. For completeness, we also calculated whether situation 1
is an improvement over situation 2. The confidence we find for this improvement
is 0.8661, which is not statistically significant, but still a strong indicator that this
difference might exist.

Based on the results for the quality of the comments, we conclude that there
is a strong indication for H4. However, the hypothesis lacks the confidence to
be statistically accepted. For H3 this is different as for this hypothesis the data
does statistically support the hypothesis. Thus, the quality of the comments, on
average, is better when consuming formal and documented AK than when only
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consuming documented AK. Consequently, we conclude that the understanding
of the software architecture is deeper when using formal and documented AK than
using only documented AK.

Limitations of the Study: Threats to Validity

There are several threats to the validity of the quasi-controlled experiment. The
following list presents these threats and our mitigation strategy to deal with them.
We have categorized the threads as being either for internal or external validity.
Internal:

• Learning effect The presentation of the LOFAR domain model and the ex-
ercise with the Document Knowledge Client before the start of the reviews
might influence the behavior of the subjects in situation 3, since the subjects
learn spotting relevant KEs. In addition, the use of the tool in situation 1 and
2 for the first review might influence a subject’s second review performance
for the same reason. Since we don’t want to complicate the execution of the
experiment, we did not explicitly mitigate this issue.

• Subjectivity of comment quality ratings The rating of a comment is a sub-
jective measurement. This threat is mitigated by using the average rating of
two persons instead of one to rate the quality of the comments.

• A comment is not an useful unit A reviewer can comment on different parts
of the architecture in a single comment. Hence, a comment might not be
a useful measurement unit, as the same comment could be represented by
multiple other comments. We manually inspect all the comments to detect
and repair such cases by splitting them up in separate comments to mitigate
this threat.

• Personal bias of subjects One subject might be a much better reviewer than
another subject. Hence, there is a personal bias of the subjects that might
influence the experiment. To mitigate this threat, we let each subject perform
his/her two reviews in different situations. Consequently, the personal bias
is (partially) mitigated, as 2 out of 3 situations are influenced by this bias.
For example, subjects 8 and 9 are excluded in the analysis of the quality, as
they have only for one situation more than zero comments. If these subjects
were included in the analysis then H3 would have a confidence of 0.74 and
H4 0.55, since one contributes with a very high (3.75) score for situation 3 and
the other with a very low (1) score for situation 1. Hence, including them con-
tributes a big bias in our experiment, especially as they do not "compensate"
in another situation.

• Background bias of subjects Besides the aforementioned personal bias, the
subjects are also biased by their background, i.e. their education and expe-
rience. We mitigate this effect by evenly distributing the subjects over the
situations based on their backgrounds.

• Bias of quality ratings The people rating the comments may favor one sit-
uation over another. We mitigate this effect by performing these ratings
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“blindly”, i.e. the person rating does not know from which situation they
come. In addition, these people did not participate as subjects in the experi-
ment nor are they the authors of this publication.

External:

• Domain dependency The experiment takes place in the context of radio tele-
scopes. Hence, the findings might not be representative for other application
domains.We try to mitigate this threat by having non-domain experts (i.e.
master students) in our subject population. However, replication of the ex-
periment in another application domain is advisable.

• Scalability of the findings The experiment is centered around one relative
small (± 50 pages) document. Hence, it is the question as whether these
findings still hold for the entire architectural documentation. We have tried
to partial address this by using a document that provides an overview of the
entire software architecture and relates to more specialized documents.

Inferences

Besides the four hypotheses, there are some additional observations concerning
the quasi-controlled experiment. Looking at Table 4.2 and recalling the standard
deviations presented earlier for the different situations, we see big differences in
the performance of our subjects. For example, subject 9 produces 0 comments in
a hour about Chapter 1, whereas subject 16 manages to produce 20 in the same
amount of time and situation. Hence, the primary factor influencing the experi-
ment seems to be a subject’s reviewing capabilities. The situation in which this
review takes place is more a secondary influence.

4.7.7 Lessons Learned and Discussion

To collect the non-quantified experiences of the subjects, the experiment ended
with a discussion session (see Section 4.7.2). In this subsection, we present these
experiences.

The subjects have two remarks regarding the setup of the experiment. The first
remark is that we test the reviewers performance in situation 3, i.e. only consume
documented AK, with the software architecture document displayed on a com-
puter screen. Many subjects prefer to review a document on paper as this offers
reading benefits computer screens cannot deliver [145]. In the design of the ex-
periment, we use computer screen reading for all situations as not to influence
the result by the distinction of reading on paper versus reading from a computer
screen.

Secondly, some of the subjects felt restrained in situation 1, i.e. consume doc-
umented and formal AK, as they are not allowed to make annotations themselves
besides the provided ones. We decided beforehand to leave out this case, as to
have a clear distinction between consuming and producing formal AK.

Based on some of the subjects comments, we have improved the usability of
the Document Knowledge Client. In short, these comments have lead to four sig-
nificant changes. First, changing the type of a KE has become possible and no
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longer requires removal of the old KE. Second, a huge performance improvement
has been made when switching between different documents. Third, the user in-
terface menu for the connections is revised to make it easier to see and edit the
connection a KE has. Fourth, the tool now supports some basic keyboard short-
cuts.

The subjects indicate that in situation 2, i.e. produce formal AK and consum-
ing documented and own produced formal AK, they operate in two different pro-
cesses. In the first process, they read the document and try to make annotations of
the AK they discover, i.e. they produce AK. In the second process, they read these
annotations and the accompanying texts to distill review comments, i.e. mostly
consume AK. Most subjects start of with the first process followed by the second
process. However, in following iterations many subjects say to skip the first pro-
cess altogether, as they feel slowed down by making annotations.

We asked the subjects on their opinion about the domain model. Generally
speaking, the subjects were satisfied with the model. However, the software ar-
chitecture document was lacking decision topics. Only with hard thinking these
could be constructed. A problem is where to attach to the annotations of these
non-existing decision topics.

Two of the subjects indicate that they find it hard to get an overview of the
software architecture with the Document Knowledge Client. The explorer tool
(see Section 4.4.3) might provide this wanted overview. However, this tool was
not part of the experiment. Testing the suitability of the explorer for this role is
future work.

We also asked the subjects if they would use the tool again after the experi-
ment. Several subjects indicate that they would like to use the tool when writing
a software architecture document as to improve the quality of it. The majority
of the subjects would use the tool again for a review if the annotations would be
provided. The remaining minority prefers to use paper for their reviews.

4.8 Related Work

The approach presented in this chapter is based on annotating documents to make
their knowledge explicit. Similar approaches exists in the context of the semantic
web in the form of annotation tools, e.g. MnM [181] and Annotea [104]. However,
all of them focus on annotating web pages and plain text, not the Word documents
in which software architectures are typically written.

Closely related to annotating is the field of Information Extraction (IE) [46],
where the challenge is to automatically annotate or extract information from doc-
uments or find relevant relationships between annotations and/or documents.
Usually, this involves machine learning, natural language processing, and/or sta-
tistical techniques. For example, Ont-O-Mat [78] uses machine learning to semi-
automatically annotate similar documents. Another example is the work of [24],
who use latent semantic analysis [128] on (architectural) documents to find re-
lationships between these documents. Based on these relationships an order of
reading the documentation is suggested.

Most software architecture documentation approaches [42, 90, 116] use archi-
tectural views to describe different aspects of an architecture. This is reflected in
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the IEEE 1471 standard, i.e. a recommended practice for architecture description
of software-intensive systems [95]. The approach presented in this chapter can be
used in conjunction with such approaches. Documentation approaches define for
each view what concerns are of interest and how they should be described. Our
approach provides the necessary glue in the form of traceability to relate the views
and their underlying decisions [53, 100] together.

Another form to support AK capturing in architecture documentation is by the
use of templates. [180] present such a template for architectural decisions. How-
ever, templates typically have difficulty in making multiple relationships between
different elements clearly visible. Visualizations like the one in the Explorer (see
Section 4.4.3) are much more capable of dealing with multiple relationships.

In the last couple of years, several AK management tools have been developed.
This includes web-based tools like PAKME [12] and ADDSS [39], which focus on
design patterns and architectural decisions, or more implementation focused tools
like Archium [100]) and AREL [172]. The main difference between the Knowledge
Architect and these AK management tools is that the Knowledge Architect uses
specialized plug-ins to integrate with different AK sources, something these other
tools do not do.

Compared to the meta-models of these AK management models or general
meta-models like Kruchten’s ontology [119], the template from [180], or the CORE
model [23]), the domain model used in this chapter is rather simplistic. Both in the
number of concepts and relationships and the provided detail. This is due to two
reasons. Firstly, our domain model focuses on AK in software architecture docu-
ments in a specific organization instead of AK in general. Secondly, we strived for
a minimal model that was just good enough as to make it easier to understand.

The just-in-time AK Sharing portal of [63] is similar to our AK repository; a
central storing location for AK. The main difference between the two approaches
is the assumed knowledge management strategy [13, 79]. The just-in-time AK
sharing portal focuses on a personalization strategy, whereas the Knowledge Ar-
chitect is a codification strategy. Hence, the just-in-time AK sharing portal focuses
on knowledge where the AK can be found, instead of modeling this AK itself, such
as done with the domain model in our approach.

Besides our quasi-controlled experiment, [59] performed an experiment re-
garding AK. They evaluated whether making decisions, goal, and alternatives ex-
plicit in the form of tables improves individual and team decision making. The
results of their experiment indicated this indeed seems to be the case.

Another way to formally describe AK is to make use of an Architecture De-
scription Language (ADL) [138]. ADLs offer a formal model to express certain
concepts and relationships. Often the selection of concepts supported are limited
to those of the component & connector [42] view. The Knowledge Architect could
be extended with a domain model describing the concepts and relationships found
in ADLs, thereby making integration with existing ADLs possible.

4.9 Limitations

The presented method and the supporting tool is based on codifying AK by en-
riching architecture documentation with formalized AK. Despite the benefits of
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resolving the challenges identified in Section 4.2, the approach suffers from the
fundamental limitations of AK codification:

• Cost The biggest and foremost limitation is the cost of capturing and main-
taining the AK by means of a formalism. Most knowledge management
approaches assume that the knowledge is already formalized and readily
available. However, in practice this is often not the case for AK. Hence, min-
imizing the cost of capturing and maintaining AK is as important as maxi-
mizing the benefits, which formalized AK offers. Our approach attempts to
to minimize this cost by offering integrated tool support that automatically
reuses as much context as possible. For example, with the Word plug-in the
user does not have to retype a description, simply selecting the text is good
enough. However the cost of annotating an architecture document of a large
and complex system, remains substantial.

• Start-up problem For most approaches, formalization of knowledge only
starts to provide tangible benefits once a significant part of the knowledge
has been formalized [94]. Consequently, in the initial stages of knowledge
capturing, no benefits are perceived from the point of view of knowledge
creators. This in turn discourages people from capturing knowledge, which
leads to less formalized knowledge and less benefits. Hence, an approach
that is incremental in nature is needed. With the Document Knowledge
Client we offer such an incremental approach, since a software architecture
document does not have to be completely annotated to start having (limited)
benefits from these annotations. This partially solves the start-up problem
but does not eliminate it.

• Asymmetric benefit The people who capture AK during the architecting
process (i.e. the producers) are often not the people using this knowledge
(i.e. the consumers). Formalized AK can easily provide benefits for con-
sumers. However, the producers do not usually perceive direct benefits for
themselves. This results in an asymmetric benefit between producers and
consumers of AK, and therefore lack of motivation for producers to cap-
ture complete and high quality AK. Hence, a good codification approach
should not only offer benefits for the consumers of the knowledge, but also
for the producers. With the Document Knowledge Client we offer such ben-
efits through the different types of checking (correctness, completeness and
consistency). These features help architects writing a software architecture
by reminding them which parts of the architecture still require further atten-
tion. However providing motivation for knowledge producers also largely
depends on organizational and process issues.

4.10 Future Work

In this chapter, we proposed an approach for enriching architecture documenta-
tion with formal AK. This approach addresses to some extent the challenges that
current software architecture documentation approaches face: understandability,
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locating relevant AK, traceability, change impact analysis, design maturity assess-
ment and trust. We illustrated the approach through a large industrial example,
by following the method activities and demonstrating the corresponding tool sup-
port. Using a quasi-controlled experiment we presented evidence on how the pro-
posed approach helps to tackle one of the challenges: understandability. Based
on our experience from LOFAR, the associated ongoing empirical research, and
the development of the knowledge architect tooling we see several directions for
future work.

In this chapter, the focus was on a subset of activities of our generic method
(see Section 4.3). This limited focus left out two important topics concerning docu-
mentation enrichment with AK: integration (activity 5) and evolution (activity 6).
For the first activity, we already have started to investigate the possibility of inte-
grating different domain models as a way to integrate AK from different sources
[131]. As for the second activity (evolution of AK), we have already combined the
knowledge repository of our tool suite with a version management system that
records the evolution of individual AK entities. The initial results for both the
integration and the evolution activities look promising, but need to be validated
with industrial case studies.

Another direction for future work is to investigate ways to improve the search
functionality within the Document Knowledge Client. Currently, relating Knowl-
edge Entities in the tool is based on keyword searches and concept classifications.
The results of this search might be improved by using information extraction tech-
niques [46] that make use of the context of the search, i.e. the Knowledge Entity
to be related, its position inside the document, and relationships already defined
to other KEs. Furthermore we are looking into ways to make the Knowledge Ar-
chitect interoperable with other AK management tools, e.g. the just-in time AK
sharing portal [63], in order to make more and different kinds of AK available.

In the quasi-controlled experiment, we left out the situation in which subjects
could both consume existing formal AK and produce their own. It is interesting
to investigate whether this situation is an improvement over the ones presented
in this chapter. Another direction for the experiment is to replicate it, as to create
more samples. This will allow for stronger statistical evidence and testing of the
assumption we made in this chapter about the normal distribution of our samples.
Moreover, we plan to use the data from the experiment in order to investigate
how people annotate AK inside documents and therefore better understand the
process of producing formal AK. An interesting research question in this respect is
whether there exist differences in the way people annotate a software architecture
document and how that affects the produced AK.
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